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The recently reported dramatic population increases
(outbreaks) of the coral-eating crown-of-thorns starfish,
Acanthaster planci, which have damaged many reefs in
the Indo-Pacific, are ending (1), but questions remain about
the factors that affect Acanthaster distribution and den-
sities. For example, the narrow temperature tolerance (26°
or 27° 10 30° or 31°C) reported for Acanthaster’s larval
development (2) is problematic because Acanthaster oceurs
where temperatires do not rise into this range (3, 4). We
have further examined some temperature relationships in
Acanthaster’s early development. Cleavage proceeded
normally over a range of about 10°C, but specific limiting
temperatures depended upon the geographic source of the
parents or their recent history of temperature exposure.
Hatched, swinmming gastrulae continued normal devel-

opment to bipinnaria throughout a temperature range of

13°C. These results indicate that the narrow developmental
temperature tolerances reported earlier for Acanthaster do
not apply to all early developmental stages, and they add
to the list of larval adaptations that can facilitate dispersal
of Acanthaster larvae and propagation of outbreaks.

Acanthaster planci is one of several Indo-Pacific aster-
oids that prey on coral polyps (5). Unlike other tropical
starfish, however, Acanthaster undergoes occasional pop-
ulation outbreaks that have severely reduced coral cover
on many reefs over the last 30 years. The causes of these
outbreaks remzin obscure despite much recent research
(6-8). The outbreaks may be natural phenomena with a
long history of occurrence (9), or they may be relatively
recent in origin, breught about as a result ol human ac-
tivities (10). A combination of both explanations is also
possible (11).
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Two series of outbreaks of Acanthaster planci have been
recorded on Australia’s Great Barrier Reef (GBR) since
the early 1960s, affecting reefs over approximately the
central third of that system (12). Kenchington (13) hy-
pothesized that outbreaks (termed primary) began some-
where to the north of Green Island (Fig. 1), and in turn
initiated a cascade of additional outbreaks (termed sec-
ondary) that spread southward as a result of the advection
of larvae by southward-flowing currents during the
spawning season. Recent data from broadscale population
surveys (1), genetic studies (14), and hydrodynamic mod-
els (15, 16) support Kenchington’s hypothesis, though
questions have been raised regarding some hydrodynamic
models (17).

Population outbreaks of Acanthaster on the GBR have
occurred over some 1000 km of reet (6 degrees of latitude).
The main wave of outbreaks declined at around 20° S
(18). which lies to the south of Davies Reef (Fig. 1); only
a few smaller outbreaks are now being recorded at the far
southern end of the system in the Swain complex (1).
Lucas (2) has hypothesized that southern limits of Acan-
thaster’s distribution may be dictated by larval tempera-
ture requirements. However, Acanthaster occurs in cooler
waters near the limits of hard coral distribution (3, 4, 7).
Temporally variable aggregations of Acanthaster at some
Japanese sites appear to be derived entirely from settle-
ment of larvae carried by currents from warmer water
areas (19), but at other cooler water sites there are relatively
stable Acanthaster populations. For example, there is ev-
idence of increasing Acanthaster numbers at Lord Howe
Island (Fig. 1) (20). although the mean surface water tem-
perature there during January, the warmest month of the
year, is about 24°C, which is below the reported range
of developmental temperature tolerance. Population
maintenance there conceivably could depend solely upon
recruitment of larvae carried by currents from the GBR,
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but the Lord Howe Island population is genetically di-
vergent from GBR populations (21), and gene flow into
it from the GBR appears 1o be very limited, indicating a
relatively isolated, locally reproducing population. Such
evidence of successful reproduction under diverse envi-
ronmental temperature regimes and genetic evidence for
long-distance larval transport (14) suggest complexity in
Acanthaster’s developmental temperature relationships.
We have investigated both the developmental temperature
tolerances of offspring of geographically widely separated
groups of Acanthaster and the effects of experimentally
altering temperature exposures of adult, embryonic, and
larval starfish.

Offspring of animals collected off the Gove Peninsula
near Nhulunbuy and at Davies Reef in the GBR (Fig. 1)
completed development to bipinnana larvae equally well
at 31°, 27°, and 24°C. At 22.3° and 21°C, Davies Reef
embryos produced normal bipinnariae (Table I). At the
same temperatures, some Gove embryos hatched. but they
ceased development as abnormal early gastrulae.

Such geographic differences in developmental temper-
ature tolerance may be due to genetic differentiation of
separated populations, physiological acclimatization ef-
fects reflecting recent parental temperature exposure, or
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a combination of the two (22-24). We conducted a lab-
oratory acclimation experiment to investigate a possible
parental acclimatization effect in Acanthaster. A group of
adults from Davies Reef was separated into two samples.
One sample was held for 18 days at 31°C and the other
at 25°C for 21 days. We observed differences between the
offspring of 25°-acclimated animals and 31°-acclimated
animals in tolerance to lower temperatures (Table I) and
in early cleavage rates (Fig. 2), which in other echinoderms
are proportional to overall developmental rates at least
to the gastrula stage (25). The tolerance difference indi-
cates an acclimatory translation of tolerance range, but
more data at several temperatures would be needed to
determine if the observed rate difterence resulted from
rotation of the rate: temperature curve.

We also examined possible parental effects due to sea-
sonal change in water temperature in animals studied im-
mediately after collection at Davies Reefin October (tem-
perature at collection site: 25.5°C) and in November
(temperature: 27°C). Oftspring of the two groups differed
in their tolerance to high temperature. In October-col-
lected animals, development 1o early bipinnaria larvae
proceeded normally between 21° and 27°C, but not at
32°C. However, oftspring of November-collected animals
developed into normal bipinnaria at 32°. This seasonal
change resembles those reported for other echinoderms
(26, 27).

Thus early developmental temperature tolerances in
Acanthaster vary with recent parental temperature ex-
posure as well as geographic source. However, our results
do not distinguish the relative contributions made by

Table 1

Development of embryos from each of four groups at low experimental
temperatures

Zygote to Bipinn. Zygote to Bipinn. Cleavage

Group @ 22.3°C @?21°C @ 18°C
DAVIES + + none
GOVE — — none
31°-ACCL — — none

25°-ACCL + C abnormal

Bipinn. = bipinnaria larva: + indicates normal development to bi-
pinnaria larvae; — indicates failure to develop to bipinnariae; ¢ indicates
development of larvae with clumps of extra mesenchyme-like cells rarely
observed in embryos developing at 31°, 27°, or 24°C. Gamete shedding
was induced by 1-methyl adenine injection. Zygotes were transterred to
rearing dishes a1 experimental temperatures within 5 min after fertilization
at room temperature (24°C). Animals were collected off Nhulunbuy on
the Gove Peninsula and at Davies Reef on 18 and 19 December 1991,
and maintained in running seawater at approximately 27° until exper-
iments began early in January 1992. Acclimation of samples of Davies
Reef animals began on 3 January 1992, and continued at 31°C for 18
days and at 25°C for 21 days.
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Figure 2. Cleavage rate comparisons at 27°C. For each group, four
replicate cultures in 20-ml scintillation vials (mean no. of embryos per
vial = 99) were fixed after 146 min. Embryos in each culture were counted
and scored for cleavages completed. Bars represent means of individual
culture means, with standard errors. Because ANOVA indicated a sig-
nificant 1reatment effect. the Tukey test was applied. The mean for the
31°- acclimated group differs significantly from the other means («
= 0.05). which do not dilfer from one another.

population genetie differentiation and physiological ac-
climatization to the observed geographic variations.

Because of its importance for dispersal, the temperature
tolerance of newly hatched swimming embryos was ex-
amined. Early gastrulae from cultures of Gove embryos
were transferred to 21° and 18°C (temperatures at which
Gove embryos cannot cleave normally). Transferred em-
brvos continued to swim, completed gastrulation, and
produced bipinnariae at both temperatures (Table 11). This
unexpectedly broad temperature tolerance in gastrula-
stage embryos prompted additional transfer experiments.
Newly hatched Davies Reef gastrulae transferred from 27°
10 18.5°C developed into bipinnariae that appeared nor-
mal (Fig. 3). Even gastrulae transferred from 27° to 15°C
and held there for 6 days continued to swim actively,
slowly continued archenteron extension. and then quickly
completed bipinnaria morphogenesis after transfer back
10 27°C. However, these larvae contained clumps of extra
mesenchyme-like cells.

In summary, data presented here support a modified

concept of temperature tolerance during early Acanthaster

Table 11

Results of gastrula transfer experiments with Gove embryos

Percent Bipinn.

Transfer group Days development
31°to 31° (Control) 2 93
31°to 21° 5 88
31° o0 18° 17 81

Only swimming, newly hatched, early gastrulae were transferred. The
numbers of days from transfer 10 final observation are given. Comparable
resulls were obtained following transfers of embryos that developed from
fertilization to haiching a1 27°C.

development (Fig. 4), indicating that Acanthaster’s dis-
tribution and abundance need not be as limited by de-
velopmental temperature as previously thought. Clearly,
temperature relationships in later larval stages should be

100
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Figure 3. Gastrula transfer experiments with Davies Reef animals
during December 1992. Early development proceeded at 27°C, and
transters were as described in Table 1. Bars represent mean percentages,
with standard errors. of bipinnaria development for 12 cultures (40 10
100 embryos in each) from two experiments. *27-27" represents controls;
*27-18.5™ represents transfer and conlinuing development al 18.5°C;,
and "27-15-27" represents gastrulae returned to 27°C afier 6 days at
15°C. Bipinnariae in this lalter group were normal in shape. but many
contained clumps of extra mesenchyme-like cells. Embryos that were
not returned from 15° 10 27°C showed some archenteron extension, bul
eventually regressed and died.
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Figure 4. Conceptual models of crown-of-thorns starfish develop-
mental temperature tolerances. The upper model is one inferred from
data of Lucas (2) who transferred embryos at hatching and maintained
cultures until settling and metamorphosts. The lower model retains the
limited temperature tolerances (dotted lines) reported by Lucas for later
larval stages. but incorporates the broader tolerances (dashed lines) of
earlier developmental stages indicated by our data. Our data also indicate
that actual limiting temperatures, but not necessarily size, of tolerance
ranges vary with recent parental temperature exposure as well as geo-
graphic source.

reexamined, especially for populations at the extremes of
Acanthaster’s distribution. Further, the temperature tol-
erance of Acanthaster gastrulae adds to a list of traits that
make Acanthaster larvae particularly well adapted for
long-distance dispersal. Even larvae swept into cooler wa-
ter could very slowly continue normal development dur-
ing transport. This, along with the ability to develop at
the low phytoplankton concentrations common in trop-
ical waters (28, 29) and the negatively geotropic swimming
behavior characteristic of Acanthaster gastrula (3), would
allow transport to distant reef sites with conditions ap-
propriate for later larval development and settling—pro-
cesses that may be less resistant to environmental variation
(2). Early larval hardiness may facilitate both the routine

dispersal of larvae and the propagation of Acanthasier
outbreaks.
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